We experimentally show that when higher-order optical vortices generated by a system of dielectric wedges are subjected to focusing they do not lose their structural stability. © 2005 Optical Society of America OCIS codes: 140.3300, 260.1960, 050.1960 It is proving to be quite natural now to see a variety of new optical applications based on unique properties of vortex-bearing singular beams. Microparticle traps and spanners 1 and also the needs of nonlinear optics 2 are first among them. The greater the vortex topological charge, the greater the angular momentum of the beam to twist the particles and to perform various self-action operations.
It is proving to be quite natural now to see a variety of new optical applications based on unique properties of vortex-bearing singular beams. Microparticle traps and spanners 1 and also the needs of nonlinear optics 2 are first among them. The greater the vortex topological charge, the greater the angular momentum of the beam to twist the particles and to perform various self-action operations. 1 To that end it is necessary to focus the singular beam into a small area. However, higher-order optical vortices can be structurally unstable to such transformation. Basistiy et al. 3 pointed out that even transmission of a Gaussian beam with a double-charged optical vortex through a relatively wide circular aperture breaks the vortex into two single-charged ones. Helseth 4 extended this conclusion to all higher-order optical vortices in a focal region. Is this characteristic inherent to all types of singular beam or only to Gaussian beams bearing higher-order optical vortices? Are there any exceptions to this rule? In this Letter we investigate the focusing of higher-order optical vortices nested in singular beams generated by an optical wedge.
We have recently shown 5 that an optical mask consisting of a series of optical wedges is able to produce a singular beam carrying an optical vortex whose topological charge is equal to the number of the wedges in the system. At the same time, geometry of such a beam is different from that of the initial beam incident upon the system. This is a consequence of the fact that each isotropic dielectric wedge produces two partial beams. One of them is inclined at some angle to the optical axis of the initial beam, while the other propagates along the axis. 5 The wave superposition of two such beams with noncoplanar axes will make up a complete resulting beam, provided that the diffracting divergence of the initial beam is greater then the angle of the wedge, ␣:
where is the waist radius of the initial beam and stands for the wavelength.
To produce a double-charged optical vortex embedded in a singular beam ( Fig. 1) we pass the nonsingular Gaussian beam, generated by He-Ne laser Ls ͑ = 0.6328 m͒, through wedge-shaped mask WM. This mask consists of two glass isotropic wedges, the rims of which make up the angle ␤ = / 2 relative to each other. 5 A lens (L) with a focal distance 5-10 cm focuses the beam at the plane of the mask. After passing through the 20ϫ micro-objective MO 1 , the vortex-bearing beam is examined by the 60ϫ microobjective MO 2 and a CCD camera. The image structure in the vicinity of the focus is processed by a computer (Comp).
It is important to note that the vortex-bearing beam structure near the focus depends essentially on the diameter of the focal spot of the initial beam at the plane of the mask and the angle of the wedge, ␣. When the mask consists of a single wedge (the wedge angle is about 0.5°), the beam breaks at the focal plane into two splinters, provided that the lens L focusing the initial beam at the wedge has a focal distance greater than 8 cm associated with a focal spot size greater than 100 m. At the same time, the beam preserves its structure in the vicinity of the focal plane (Figs. 2a-2c ) if its radius conforms to inequality (1) . Moreover, the vorticity 6,7 of the singular beam changes as the beam approaches the focus, rushing to unity at the focal plane (Fig. 2c) .
Generally speaking, the core of the wedgegenerated vortex does not have an ideal form. Such vortex-core imperfection is characteristic of the vorticity. 6 The magnitude of the vorticity can be measured by means of the technique presented in Ref. 7 . The level lines of the light intensity form a set of ellipse-shaped lines near the vortex center. Figure 3 illustrates a typical picture of the level lines associated with the intensity distribution shown in Fig.  2(a) . It could be demonstrated that the vorticity value Q is equal to the ratio of the ellipse semiaxis Q = b / a. The vorticity Q characterizes the fine structure of the vortex; note that this has a complex composition, consisting of two partial vortices with opposite Fig. 1 . Experimental setup for focusing the wedgegenerated singular beams. topological charges. Also, the vorticity value is equal to the orbital angular momentum of the complex vortex. 8 The growth of the vorticity near the focus reflects the ellipse-shaped form of the wedge-generated beam.
Generally speaking, complex higher-order optical vortices subjected to focusing had to break into simple ones. For example, the computer-generated optical vortex with l = 2 splits into two single charged vortices after focusing (see Figs. 2d-2f) .
At the same time, we observe another picture in the experiment. After passing the binary wedge, the double-charged singular beam is focused by the 20ϫ micro-objective. This process is presented in Figs. 2g-2j . To evaluate transformations of the singular beam, we worked out the following technique. By using the diffractive integral in the paraxial approximation, we revealed that the wedge-generated singular beam with the topological charge l near the axis is
where A and B are constants. Then the lines of equal intensity are described as
where C = constant. Thus, the value
does not depend on the topological charge and equals the vorticity Q. Figure 4 illustrates the scheme used to measure the vorticity Q for the double-charged vortex. This technique can be used also for the computer processing of the singular beams with arbitrary topological charges. From Figs. 2g-2j we can see that not only does the double-charged beam preserve its structure but also its vorticity value rises as it approaches the focus. The physical mechanism behind the structural stability of the higher-order singular beam generated by the wedge system is the following. First, one major reason that forced the higher-order vortex nested in a computer-generated singular beam to split into single-charged ones is the mismatch between the amplitude distribution of the illuminating mode and the Laguerre-Gaussian mode bearing the vortex behind the hologram. This leads to the additional excitation of other modes (including the zero-order Gaussian mode), resulting in vortex instability near the axis. Note that this vortex instability is inherent in the computer-generated hologram technique. 9 At the same time, the optical process responsible for producing the higher-order wedge-generated vortices in our case is quite different from that considered above. In fact, the wedge-generated singular beam is not an ordinary complex beam in the form of a superposition of on-axis Laguerre-Gaussian (or HermiteGaussian) beams. It represents the superposition of some pairs of off-axis nonsingular beams. The optical axes of these beams are noncoplanar. A number of pairs of these nonsingular beams are equal to the topological charge of the resulting beam. (For example, the process of forming a vortex net with the help of two off-axis focused Gaussian beams is discussed in Ref. 10 .) Such a superposition of off-axis beams will form a unified singular beam provided that the angle ␥ ϳ ␣ between each pair of partial beams satisfies inequality (1), which would imply that the resulting beam from the very outset contains no mode compo- Fig. 2 . Transformation of the singular beam near the focus: the wedge-generated beam with, a-c, l = 1 and, g-i, l = 2; d-f, the computer-generated beam with l =2. Thus, we have experimentally revealed that the wedge-generated singular beam with a double topological charge does not lose its structural stability when subjected to focusing. Moreover, the vorticity of the beam rises near the focus. The wedge-generated beams can be presented as a superposition of some pairs of partial off-axis nonsingular beams. A number of such beam pairs is equal to a vortex topological charge.
